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Abstract Measurement of effusion rate is a primary
objective for studies that model lava flow and magma
system dynamics, as well as for monitoring efforts during
on-going eruptions. However, its exact definition remains a
source of confusion, and problems occur when comparing
volume flux values that are averaged over different time
periods or spatial scales, or measured using different
approaches. Thus our aims are to: (1) define effusion rate
terminology; and (2) assess the various measurement
methods and their results. We first distinguish between
instantaneous effusion rate, and time-averaged discharge
rate. Eruption rate is next defined as the total volume of
lava emplaced since the beginning of the eruption divided
by the time since the eruption began. The ultimate
extension of this is mean output rate, this being the final
volume of erupted lava divided by total eruption duration.
Whether these values are total values, i.e. the flux feeding
all flow units across the entire flow field, or local, i.e. the
flux feeding a single active unit within a flow field across
which many units are active, also needs to be specified. No
approach is without its problems, and all can have large

error (up to ∼50%). However, good agreement between
diverse approaches shows that reliable estimates can be
made if each approach is applied carefully and takes into
account the caveats we detail here. There are three
important factors to consider and state when measuring,
giving or using an effusion rate. First, the time-period over
which the value was averaged; second, whether the
measurement applies to the entire active flow field, or a
single lava flow within that field; and third, the measure-
ment technique and its accompanying assumptions.
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Introduction

The rate at which lava is erupted is commonly termed
effusion rate. Upon eruption, lava may not necessarily flow
across the surface, but can be tube-contained and/or
injected into the interior of a flow or dome to cause
inflation or endogenous growth (Calvari and Pinkerton
1998, 1999; Fink 1993; Fink et al. 1990; Fink and Griffiths
1998; Glaze et al. 2005; Greeley 1987; Guest et al. 1984;
Hon et al. 1994; Iverson 1990; Kauahikaua et al. 1998;
Mattsson and Höskuldsson 2005; Nakada et al. 1995; Ollier
1964; Peterson et al. 1994; Rossi and Gudmundsson 1996;
Self et al. 1996, 1997; Thordason and Self 1996, 1998;
Walker 1991). Whether exogenously or endogenously
emplaced, effusion rate controls the way in which a lava
body grows, extends and expands, influencing its dimen-
sional properties, such as length, width, thickness, volume
and/or area (Baloga and Pieri 1986; Blake 1990; Blake and
Bruno 2000; Fink and Bridges 1995; Kilburn 2000; Kilburn
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and Lopes 1988; Kilburn et al. 1995; Malin 1980;
Mayamoto and Sasaki 1998; Murray and Stevens 2000;
Pieri and Baloga 1986; Pinkerton and Wilson 1994; Stasiuk
and Jaupart 1997; Swanson and Holcomb 1990; Wadge
1978; Walker 1973). Effusion rate also influences pressure
conditions within an inflating unit and the morphology of
the flow surface (Anderson et al. 1998; Denlinger 1990;
Fink and Griffiths 1992, 1998; Gregg and Fink 2000;
Griffiths and Fink 1992; Iverson 1990; Rowland and
Walker 1990). In addition, effusion rate and flow velocity
affects flow heat loss and cooling, and hence crystallization
rates (Crisp and Baloga 1994; Dragoni 1989; Dragoni and
Tallarico 1994; Dragoni et al. 1992; Harris et al. 1998,
2005; Keszthelyi 1995; Keszthelyi and Self 1998; Pieri and
Baloga 1986; Sakimoto and Zuber 1998). Thus, effusion
rate, velocity and volume are important input parameters
into lava flow models and simulations, and/or have been the
outputs of others (e.g. Costa and Macedonio 2005; Crisci et
al. 2003, 2004; Favalli et al. 2005; Glaze and Baloga 2001;
Harris and Rowland 2001; Hikada et al. 2005; Ishihara et
al. 1990; Keszthelyi and Self 1998; Keszthelyi et al. 2000;
Macedonio and Longo 1999; Rowland et al. 2004, 2005;
Wadge et al. 1994; Young and Wadge 1990). Finally, by
representing material supplied from a deeper source,
effusion rates allow constraint of mass flux out of the
shallow feeder system, allowing assessment and/or model-
ling of the mass balance and dynamics of the effusing or
extruding system, and of the source depth and conduit
geometry (e.g. Allard 1997; Allard et al. 1994; Barmin et
al. 2002; Denlinger 1997; Denlinger and Hoblitt 1999;
Dvorak and Dzurisin 1993; Dzurisin et al. 1984; Francis et
al. 1993; Harris and Stevenson 1997; Harris et al. 2000,
2003; Melnik and Sparks 1999, 2005; Naumann and Geist
2000; Ripepe et al. 2005; Rowland and Munro 1993;
Rowland et al. 2003; Wadge 1977, 1981–1983; Wadge et
al. 1975).

All of these factors make measurement of effusion rate a
primary objective not just for studies that aim to
understand and model lava flows and shallow system
dynamics, but also for monitoring efforts during on-going
eruptions (e.g. Barberi et al. 1993; Andronico et al. 2005;
Calvari and INGV-Catania 2001; Calvari et al. 1994, 2003,
2005; Kauahikaua et al. 2003; Sutton et al. 2003). Effusion
rates can be used, for example, to determine whether
activity is waxing or waning (Harris et al. 2000; Wadge
1981) or to assess the long-term behaviour, and eruptive/
hazard potential, of a system (Branca and Del Carlo 2005;
Wadge 1977, 1981, 1983; Wadge et al. 1975). They can
also be used in predictive models designed to estimate the
possible extent, and thus hazard posed by, advancing flows
(e.g. Calvari and Pinkerton 1998; Costa and Macedonio
2005; Crisci et al. 2003, 2004; Favalli et al. 2005; Ishihara
et al. 1990; Rowland et al. 2005).

In spite of the importance of effusion rate, its definition
can be a source of confusion, and problems occur when
comparing volume fluxes averaged over different time
periods, or measured using different approaches. This was
the crux of the Tanguy et al. (1996) argument, which noted
that variations in effusion rates measured during Etna’s
1991–1993 eruption varied by a factor of 30. Some of the
variation likely resulted from actual changes in the erupted
flux; others, however, resulted from definition and mea-
surement problems. The aims of this paper are to review
and define a standard for effusion rate terminology, to
collate and describe the various methods available for
measuring effusion rates, and to discuss the value of timely
effusion rate measurement in lava flow monitoring and
hazard mitigation.

Definitions

Walker (1973) defined effusion rate as the instantaneous
lava flow output by a vent, and eruption rate as the
average lava output during a whole eruption. Subsequently
there have been several interpretations of effusion rate and
eruption (or discharge) rate, these terms often being used
interchangeably, with eruption rates being averaged over a
variety of time-periods from seconds to minutes, hours,
days, months and years (e.g. Behncke and Neri 2003;
Calvari et al. 1994; Fink et al. 1990; Glaze 1984; Harris and
Neri 2002; Madeira et al. 1996; Nakada and Fujii 1993;
Richter et al. 1970; Rowland and Munro 1993; Sutton et al.
2003; Swanson et al. 1979; Tanguy et al. 1996; Tilling et al.
1987; Wadge 1983; Wolfe et al. 1988; Zebker et al. 1996).
This led Lipman and Banks (1987) to clarify that they were
using “effusion rate” for instantaneous values, “discharge
rate” for values averaged over a day, “mean effusion rate”
for effusion rate averaged over a specified period of time,
and “eruption rate” for values averaged over the whole
eruption. This definition helps immensely in that it clearly
defines the time over which the value is averaged
(Fig. 1a).

Instantaneous effusion rate and time averaged discharge
rate

Following Lipman and Banks (1987), instantaneous effu-
sion rate can be defined as the volume flux of erupted lava
that is feeding flow at any particular point in time. Such
measurements, if made repeatedly over a short period of
time, are useful in defining short-lived surges in the lava
flux developing over seconds to minutes (e.g. Bailey et al.
2006; Guest et al. 1987; Harris and Neri 2002; Harris et al.
2006; Madeira et al. 1996; Lipman and Banks 1987) or for
identifying detailed temporal trends in the erupted volume
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flux developing over hours to days (e.g. Calvari et al. 2003,
2005; Frazzetta and Romano 1984; Harris et al. 2000;
Wadge 1981).

We also distinguish between instantaneous volume flux
measurements made at basaltic lava flows versus those
made at silicic lava domes and flows, which we term
instantaneous effusion rate for the former case and
instantaneous extrusion rate for the later. This distinction
stresses the viscosity, emplacement and morphological
differences between the two cases. It is also consistent
with the Chambers Dictionary definition of effusion, this
being “pouring or streaming out; emission” versus that for
extrude, i.e. “to force out, to expel; to protrude” so that
extrusion is “the act of extruding, thrusting or throwing
out” (Schwarz 1993). In both cases we have added the term
“instantaneous” to avoid confusion over the temporal
meaning of the phrase, underscoring the fact that the value
is measured at a specific moment in time.

Time averaged discharge rates consider volume fluxes
averaged over a given time period (Fig. 1a). This is
typically obtained by measuring the volume emplaced over
a known interval, and dividing by the duration to give
volume flux over that interval (e.g. Andronico et al. 2005;
Behncke and Neri 2003; Burton et al. 2005; Fink et al.
1990; Harris and Neri 2002; Jackson et al. 1975; Mazzarini

et al. 2005; Nakada and Fujii 1993; Nakada et al. 1999;
Richter et al. 1970; Rose 1972; Rossi 1997; Rowland 1996;
Rowland et al. 1999; Sparks et al. 1998; Swanson and
Holcomb 1990; Tilling et al. 1987; Wolfe et al. 1988;
Zebker et al. 1996). For example, a daily discharge rate at a
lava flow or dome may be obtained by dividing volume
emplaced that day by 24 h (e.g. Behncke and Neri 2003;
Zebker et al. 1996; Fig. 2a). Considering time-averaged
values will begin to smooth any short-term variation in the
instantaneous effusion rate. As we consider discharge rate
averaged over longer time periods, the temporal detail
diminishes (Fig. 2a). One advantage of this measurement
over instantaneous effusion rate, however, is that short-term
variations caused by short-lived changes in measurement
conditions or bias introduced by the time of measurement
can be minimized. For example, an instantaneous effusion
rate measurement made during a short-lived surge in
effusion is not representative of the typical flux for the
longer time period (Bailey et al. 2006). As a result, time-
averaged discharge rate allows identification of longer-term
(month-to-decadal scale) trends and systematic changes (or
similarities) in the system output (e.g. Behncke and Neri
2003; Burton et al. 2005; Fink et al. 1990; Nakada et al.
1999; Richter et al. 1970; Rose 1972; Swanson and
Holcomb 1990; Wadge 1983; Wadge et al. 1975).

Fig. 1 Schematic showing
a temporal, and b spatial scales
to which each of our measure-
ment definitions apply.
IER = Instantaneous effusion
rate, TADR = Time-averaged
discharge rate, ER = eruption
rate, t0 = eruption start time,
tstop = eruption stop time,
CLF = compound lava flow
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Eruption rate and mean output rate

Eruption rate is defined here as the total volume of the lava
emplaced since the beginning of the eruption divided by the
time since the eruption began. The eruption rate on the 53rd
day of an ongoing eruption, for example, is obtained by
taking the volume emplaced up to day 53 divided by those
53 days (Fig. 1a). This differs from time averaged discharge
rate in that time averaged discharge rates consider single
flow units or volumes emplaced during discrete time
windows within the eruption, whereas eruption rates
considers all lava erupted since the start of the eruption.

The ultimate extension of the eruption rate is mean
output rate (Barberi et al. 1993; Walker 1973). Mean output
rate is the final volume of erupted lava divided by the total
duration of the eruption (Fig. 1a). It can thus only be
obtained when the eruption is over (e.g. Barberi et al. 1993;
Guest et al. 1987; Jackson et al. 1975; Romano and Sturiale
1982; Rossi 1997; Rowland 1996; Swanson et al. 1979;
Tanguy et al. 1996; Tilling et al. 1987). Mean output rate is
the ultimate level of temporal smoothing and gives no detail

regarding variations in effusion rate during the eruption
(e.g. Fig. 2a).

Mean output rate is useful when comparing the
volumetric flux of many eruptions, being a measure of the
effusive intensity. Take, for example, the 1981 and 1984
eruptions of Mount Etna. These formed 12±3 and 19±4±
106 m3 lava flow fields, respectively, (Harris et al. 2000).
Thus, volumetrically, the 1984 event was more significant.
If we consider, however, that these two eruptions lasted 7
and 172 days, respectively, we obtain mean output rates of
29 and 1.3 m3/s. Thus, in terms of hazard, the 1981 event
was more significant. Indeed, the 1981 flow advanced
8.8 km in just a few hours threatening the town of
Randazzo (Guest et al. 1987; McClelland et al. 1989),
whereas the 1984 flow remained confined to the summit,
building a pile of short, overlapping flows no more than
3.3 km in length (Harris et al. 2000; McClelland et al. 1989).

Considerations

Short-term effusion rate variation

An important issue is whether a measurement made at a
certain time is representative of that particular hour or day. In
lava channels (and at flow fronts) flow velocity and depth
can be highly variable over the time scale of minutes to
hours (e.g. Bailey et al. 2006; Guest et al. 1987; Lipman and
Banks 1987).

Short-term variations in observed flow depth/level or
velocity (and hence derived effusion rate) may result from
variations in supply, upstream blockage and blockage
release, or changes in vesicularity (e.g. Bailey et al. 2006;
Lipman and Banks 1987; Madeira et al. 1996). During the
1984 eruption of Mauna Loa, for example, Lipman and
Banks (1987) noted that release of ponded volumes behind
dams would cause down-flow velocities to suddenly increase
from a few meters per minute to a few meters per second.
During May 2001 we observed pulses in lava effusion at an
Etnean lava channel due to variations in the bulk supply, as
well as surges due to the failure of blockages (Bailey et al.
2006). Over a 2-day-long observation period, a series of
110–190-min-long cycles in effusion were observed, each
involving a relatively long period of low effusion rate flow
and terminating in a period of high effusion rate flow lasting
10–20 min. During the high effusion rate pulse, flow
velocity was observed to increase by a factor of two over a
time scale of 30 min (Fig. 3). Depth of the flow also
increased, overflowing from the channel during a pulse to
build a stack of pahoehoe overflow levées (Fig. 4a) and
decreasing again so that the flow level was well below the
levée rims between pulses (Fig. 4b). As a result, bulk
effusion rate calculated from the flow width, depth and

Fig. 2 a Instantaneous effusion rate (black points and line), time
averaged discharge rate (grey bars) and mean output rate (dashed,
horizontal, line) measured during the 17 October–5 November
1999 eruption from Etna’s Bocca Nuova summit crater. The width
of each discharge rate bar indicates the time period to which it
applies. b Cumulative volume (grey area) and eruption rates (black
line) derived for the same eruption. Data from Harris and Neri
(2002)
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velocity varied from a low of 0.1 m3/s between pulses to a
peak of 0.9 m3/s during pulses (Bailey et al. 2006).

Temporal and spatial considerations

Figure 1a summarizes the temporal nature of the terms, and
the time scales over which each definition applies. The
terms vary in how they use time. Instantaneous effusion
rate, time-averaged discharge rate, eruption rate and mean
output rate each consider volumes emplaced over increas-
ing time periods as we move through the definition
sequence. However, there are also spatial considerations
because all of these measurements can be made on lava
bodies at any spatial scale (Fig. 1b). Following the
terminology of Walker (1973) a flow unit is the smallest
spatial component of a lava flow field. It is a single,
discrete body defined by margins that have cooled
significantly and solidified before another flow-unit is
superimposed upon it (Nichols 1936; Walker 1973). Such
bodies include individual pahoehoe toes/lobes and single
unit ′a′a flows. Compound lava flows and flow fields,
however, are divisible into multiple flow units and multiple
lava flows, respectively. Compound flows thus contain
several zones of active units fed by a braided channel or
tube system extending from a single vent as during the
1991 activity at Kalapana on Kilauea (Mattox et al. 1993).
Likewise, a flow field will contain a number of compound
flows. Where more than one active vent is present, a
number of discrete zones of activity distributed around the
volcano will form several compound flows at different
locations as during the 2001 and 2002–2003 eruptions of
Etna (Andronico et al. 2005; Behncke and Neri 2003;
Calvari and INGV-Catania 2001). Together these form a
total or compound lava flow field, which comprises every
single flow unit erupted during the entire eruption. Thus, on
the smallest spatial scale, a point or local effusion rate
measurement will apply to a single flow unit within a
compound lava flow, across which many units or flows
may be active. On the largest spatial scale, the total volume

flux feeding all units across the entire compound flow field
will give the total effusion rate for all active units (Fig. 1b).

Total effusion rate should thus be measured at the vent
or at the master channel/tube before bifurcation if only
one vent is active. If multiple sources are active, then the
flux at each source must be measured and summed. At
the smallest spatial scale, a local effusion rate applies to
a single flow unit (Calvari et al. 1994). Local effusion
rate thus represents the instantaneous volume flux
feeding a specific single flow unit or group of units,
when many more are active within the flow field. It will
thus be less than the total effusion rate (Fig. 1b). For
clarity the spatial scale of the measurement (point, local,
regional or total) should be stated when measurements are
presented, as should the temporal scale (instantaneous

Fig. 4 a Pulse moving down a ∼3 m wide channel on Etna during
May 2001 (Bailey et al. 2006). A series of Pahoehoe overflow levées
emplaced during previous pulses are apparent underlying the active
pulse, and are marked “o.” Pulse front is ∼10 m wide. b The same
channel during normal flow (Bailey et al. 2006). Note overhanging rims
due to repeated overflow to construct a pile of overflow units that wrap
around and over the channel rim. This causes the channel width to be
narrowest at the levée rim (∼1 m) and broaden downwards to an
observable maximum of 3–4m. Black arrows indicate high stand marks
caused by lava accreted to the inner channel walls (at the flow surface–
wall contact) during other higher (but below blank) flow levels

Fig. 3 Maximum surface flow velocity (with three-point-running-
mean) as measured by Bailey et al. (2006) for the channel pictured in
Fig. 4 for a 3.5-h-long period. Measurements were made by tracking
pieces of crust in a series of thermal images
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effusion rate, time averaged discharge rate, eruption rate or
mean output rate).

Bulk versus Dense Rock Equivalent (DRE)

Bulk effusion rates (Ebulk) consider the total volume
including fluid, solids (crust and crystals) and voids (vesicles
and gaps between clinker). Dense rock effusion rates (EDRE)
are defined as bulk effusion rates corrected for the vesicle
volume fraction (ϖ), i.e. EDRE ¼ Ebulk 1�ϖð Þ. Thus dense
rock effusion rates should include only the lava component
of the mixture. In the absence of directly measured values
for vesicularity, ϖ has been taken from the literature.
Rowland et al. (1999), for example, corrected bulk volumes
obtained at Kilauea using a void correction of 25% for ′a′a
flows (from Wolfe et al. 1988), 60% for near-vent
rheomorphic lava and 35% for tube-fed pahoehoe (from
Wilmoth and Walker 1993; Cashman et al. 1994). Values
for Etnean ′a′a and pahoehoe given by Herd and Pinkerton
(1997) and Gaonac’h et al. (1996) are 24±15, or 22±7% if
only data within 1 standard deviation of the mean are
considered. This, in turn, compares with the findings of Sparks
et al. (1998) who corrected volume data for the Soufriere
Hills dome material (Montserrat) for a porosity of 8–21%.

Because bulk effusion rates are functions of the lava flux
as well its vesicularity, both of which can vary greatly in
space and time, changes in the bulk effusion rate may relate
to a change in the bubble content, rather than the volume of
erupted lava. During the Mauna Loa 1984 eruption, Lipman
and Banks (1987) noted down-channel decreases in
vesicularity causing a down-channel decrease in bulk
volume. This would have caused the bulk effusion rate
measured at the vent versus the distal location to be
different, but the dense rock values to remain the same,
provided that the correct vesicularity was used at each
station. Likewise, Madeira et al. (1996) noted that post-
eruption degassing of the lava during the 1995 Fogo
eruption led to a 10% reduction in the bulk volume.

Variations in EDRE and Ebulk may thus have different
causes, and therefore different implications. Differences in
EDRE, for example, will point to variations in the rate at
which lava is being supplied to the measurement point.
This, in turn, can be used to make inferences about the
mass balance (the balance between volume supplied,
intruded and erupted) for a volcano or the pressure
conditions in the deep and shallow system (e.g. Allard
1997; Denlinger 1997; Denlinger and Hoblitt 1999; Dvorak
and Dzurisin 1993; Dzurisin et al. 1984; Harris et al. 2000).
Also, because bulk values may be heavily influenced by the
variable presence of vesicles, if we want to compare
erupted fluxes at different times during the same eruption,
for different eruptions or at different volcanoes, dense rock
values must be used.

Being a measure of the variation in fluid flux as well as
its vesicularity, bulk effusion rate should be treated with
care. If differences are observed between values, the cause
of the variation needs to be first isolated, before the
meaning or significance of the change can be assessed.
However, DRE values must also be treated with care,
especially when this value is not obtained directly from lava
sampled during the effusion rate measurements, but from a
mean vesicularity value taken from literature. In these cases
values will have been measured during different eruptions,
and maybe for different flow types, and a value appropriate
to the case under consideration needs to be used. The
vesicularity values for Etnean lavas given in Gaonac’h et al.
(1996), for example, range from ∼4% for channelized lava
to 30% for pahoehoe.

Measurement of effusion rates

The measurement of effusion rates during eruptions has
evolved from field-based techniques, see Pinkerton (1993)
for a review, to methodologies using geophysical and
remote sensing technologies (e.g. Calvari et al. 2005; Harris
et al. 1997a,b, 1998, 2006; Kauahikaua et al. 1996;
Mazzarini et al. 2005; Rowland et al. 1999; Zebker et al.
1996). We next describe each of the main methods,
necessary considerations, the assumptions they make, and
the likely errors.

Field-based approaches

Channel-based measurements of instantaneous effusion rate

Instantaneous effusion rate can be obtained by multiplying
the mean velocity (Vmean) at which lava flows through the
cross-sectional area (A) of the channel or pipe within which
flow is contained. Cross-sectional area can be calculated
from the measured flow depth (d ) and/or width (w), either
assuming a semi-circular or rectangular channel form
(e.g. Barberi et al. 1993; Calvari et al. 1994, 2003; Guest
et al. 1987; Harris and Neri 2002; Madeira et al. 1996;
Pinkerton 1993; Pinkerton and Sparks 1976; Woodcock and
Harris 2005).

In a channel, flow depth can be measured by plunging a
piece of iron ‘re-bar’ into the flow and noting the level on
that bar (e.g. Calvari et al. 1994; Pinkerton 1993; Pinkerton
and Sparks 1976). However, such measurements are
impossible when lava channels are very wide, very deep,
or flow velocity is high (Pinkerton 1993), although
dropping re-bars from helicopters has been attempted in
such cases (Lipman and Banks 1987). In addition, at large
channels radiant heat from the flow surface can prevent
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close approach even when wearing a thermal suit, and the
possibility of overflows or levée collapse may add further
danger. Lava stiffness coupled with rough levées or thick
surface crusts can also impede bar insertion. For flows that
are particularly viscous, of high yield strength and/or
possessing significant surface crusts, penetrating the surface
may prove extremely difficult if not impossible.

Flow depth has also been approximated using the
measured height (H, Fig. 5) of the channel outer levees
(e.g. Calvari et al. 2003; Guest et al. 1987; Pinkerton and
Sparks 1976). This assumes that the channel-base is level
with the levée bottom. This was found to be a correct
assumption in most of the 1999 Etnean flows measured
after drainage by Calvari et al. (2003). In other cases the
assumption may not hold (e.g. Guest et al. 1987; Pinkerton
and Sparks 1976). For example, in cases where mechanical
and thermal erosion cause the channel bed to attain a level
lower than the levee base, the use of the levee height will
lead to an under-estimation of flow depth. On the other
hand where flow levels are lower than the levée rim
(e.g. Woodcock and Harris 2005), this will lead to an over-
estimate (e.g. Figs. 4b and 5). By noting the flow level
within the channel during flow a correction can be made
(e.g. Bailey et al. 2006).

Flow width can be measured using standard surveying
techniques, e.g. tape measure, triangulation, laser range-
finder binoculars, etc. Alternatively channel width, as well
as levée height, can be obtained from laser altimeter data
(e.g. Mazzarini et al. 2005) or from the dimensions on
scaled digital visible-light or thermal images (e.g. Bailey et
al. 2006; Harris et al. 2004). However, channel width may
vary with depth, invalidating the semi-circular or rectangu-
lar shape assumption (e.g. Bailey et al. 2006; Guest et al.
1987; Pinkerton 1993). This is most common at channels
with overhanging rims, where the resulting channel shape

needs to be taken into account in the calculation of the
cross-sectional area (e.g. Fig. 4b).

Alternatively, it may be possible to verify channel depth,
width and shape after drainage (e.g. Calvari et al. 2003;
Harris and Neri 2002). In cases where mapped sections of
drained channels are used to obtain cross-sectional area,
derived depth may be conservative because it does not take
into account un-drained flow material residing on the
channel floor. A flow level will also have to be assumed,
and brim-full flow is not always the case (e.g. Fig. 4b). In
such cases an assumption that the channel was full, so that
channel depth equates to flow depth, will result in an over-
estimate of effusion rate. Flow level within the channel
during flow can be obtained, however, from high-stand and
drain-back features following channel drainage, allowing a
correction for below-bank flow levels to be made (e.g.
Woodcock and Harris 2005).

Flow velocity can be obtained from recording the time
taken for distinctive markers in the flow to travel a known
distance (Guest et al. 1987; Pinkerton 1993). Flow
velocities, however, will vary with depth and width
(Frazzetta and Romano 1984; Guest et al. 1987; Pinkerton
and Sparks 1976). Velocities will decay horizontally and
vertically away from a maximum velocity at the channel
centre (Figs. 5 and 6). Thus surface velocity obtained at the
flow centre, or the flow margins, is not representative of the
mean flow velocity. An added complication is that the crust
and core may advance at different velocities causing further
vertical velocity variation (e.g. Frazzetta and Romano 1984;
Guest et al. 1987). For example, Pinkerton and Sparks
(1976) estimated that during the 1975 Etna eruption crusts
moved at 0.7 times the velocity of the interior.

Flow velocity is probably easiest to measure at the flow
center. At this location the measurement will approximate
the maximum flow velocity (Fig. 6). This maximum

Fig. 5 Summary of parameters
required to estimate effusion rate
in an active (main panel) and in-
active, partially drained (inset)
channel. Notation as follows:
A = flow cross-sectional area,
d = flow depth, du = depth of
un-drained flow, d1+du = depth
of brim full flow, d2+du = depth
of below bank flow revealed by
inner-levee high stand mark,
H = levee height, L = flow level
below levee rim (D=H−L),
Vmax= maximum flow velocity,
w= flow width
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velocity can then be used to recreate vertical and horizontal
velocity profiles for the lava flowing in a channel of known
dimensions and with a known or estimated rheology
(e.g. Fig. 6). Integrating across these profiles provides one
way of obtaining a mean velocity for use in effusion rate
calculations (e.g. Dragoni 1989; Dragoni et al. 1986; Fink
1993; Tallarico and Dragoni 1999).

If we calculate the mean velocity for the velocity profile
given in Fig. 6, we obtain a mean velocity (vmean) that is
67% of the maximum velocity. Thus, to simplify the
problem, the channel cross-section is considered rectangu-
lar and mean flow velocity is taken as ∼2/3 of the
maximum surface velocity, i.e. Er=0.67 Vmax d w, as used
by Calvari et al. (2003). This is an appropriate approximation
for most cases in which the flow is much wider than it is deep.

Model-based measurements

Flow velocity can also be model-calculated using lava
density (ρ), acceleration due to gravity (g), channel-floor
slope (α) and viscosity (η) in the Jeffreys (1925) equation:

vmean¼ ρ g sinðαÞd2�n η ð1aÞ
in which n is a constant dependant on channel width, values
of 3 being used by Booth and Self (1973) for wide channels
and 8 for semi-circular channels (Moore 1987). Now,
effusion rate (Er) can be calculated from the measured
channel dimensions and underlying slope from:

Er¼vmean w d ¼ w ρ g sinðαÞd3� n η ð1bÞ
(e.g. Baloga et al. 1995; Harris and Rowland 2001; Harris
and Neri 2002; Jurado-Chichay and Rowland 1995;
Keszthelyi and Self 1998; Keszthelyi et al. 2000; Rowland
et al. 2003–2005). Effusion rates can also be obtained in

this manner by integrating the vertical velocity profile
through the entire flow thickness (Dragoni 1989; Dragoni et
al. 1986; Fink 1993; Oddone 1910; Tallarico and Dragoni
1999; Soule et al. 2005). In a similar approach, velocity
has been calculated by assuming that the velocity for
lava flowing around a super-elevated bend can be
calculated following Newton’s second law of motion,
i.e. v ¼ r g tan βð Þ½ �1=2, in which r is the radius of curvature
and β is the angle of super-elevation (Heslop et al. 1989).
Effusion rate is then obtained by multiplying the cross-
sectional area of the flow by the velocity (Heslop et al.
1989; Woodcock and Harris 2005). Velocity, and hence
effusion rate, has also been obtained from run-up heights
(hup) on cones, i.e. from the kinetic energy required to give
the run-up height via v ¼ 2hupg

� �1=2
(Guest et al. 1995).

However, velocities and effusion rates obtained in these
ways can sometimes be too high (Kauahikaua et al. 2002;
Soule et al. 2004). Over-estimates may result from the
assumption of bank-full channel flow in setting a value for
depth in Eqs. 1a and 1b. In channels where below-bank-
flow was typical, and in which anomalously high levees
resulted from construction during short overflow events
during rare surges or overflow of volumes backed-up
behind blockages (e.g. Bailey et al. 2006; Lipman and
Banks 1987), this would cause an over-estimate of the
typical volume flux. Soule et al. (2004) also point out that
apparent run-up features may instead be high stand marks
left by drainage of ponded flow. Use of such features for
calculated flow velocities for the 1823 Keaiwa flow of
Kilauea may have resulted in a velocity over-estimate by a
factor of 5.

Thus, applying Eqs. 1a and 1b to drained-channels
requires some assumptions regarding flow depth. Assuming
that the channel was filled to the top would give maximum
possible flow depth and will yield a maximum value for
vmean, and hence Er. This would give an over-estimate of
effusion rates necessary to maintain typical, below-bank
flow. Lower flow levels within the channel will reduce d,
and hence the derived flow velocities and effusion rates.

As already discussed, channel may have been fed by a
range of fluxes, hence leading to a variety of depths.
Pulsing or variable flow levels can build characteristic
channel forms where a series of thin overflow units of
limited spatial extent will be emplaced during the pulse-
induced overflows (Bailey et al. 2006). Likewise, variations
in the level of flow within the channel can produce high-
stand marks on the inner channel wall as well as syn-channel
benches, levees and drain-back features such as driblet
trains/ridges (e.g. Lipman and Banks 1987; Woodcock and
Harris 2005; Figs. 4 and 7). In such cases, use of the brim-
full depth will yield maximum effusion rates during the
(possibly brief) periods of highest effusion that built the
maximum channel depth. Level markers within the channel

Fig. 6 Velocity profile calculated for a channel of depth 2 m,
containing lava with a density of 2,028 kg/m3 (assuming a dense rock
value of 2,600 kg/m3 and 22% vesicularity) and a viscosity of
3,000 Pa s flowing down a 5° slope. Position of the mean velocity is
marked with the dashed line and is 67% of the maximum, surface
velocity

8 Bull Volcanol (2007) 70:1–22



can be used to estimate the lower (possibly more typical)
fluxes that fed the channel. In all cases, the depth of un-
drained lava on the channel needs to be considered if the
full depth is to be obtained (e.g. Fig. 7).

Tube-based measurements

As at channels, for lava tubes problems exist regarding
measurements of tube dimensions and flow depth during, as
well as after, activity. In addition, the same flow velocity
problems apply in the tube as in the channel. These problems
are exaggerated by the impossibility of access to a tube
during activity, and the unknown, possibly complex, tube
shape (e.g. Calvari and Pinkerton 1999). Where a view of
the tube-contained lava stream is possible at a skylight,
estimates of the stream width and velocity may be possible.
The assumption of a semi-circular channel allows cross-
sectional area to be estimated. If two skylights are present,
velocity may be measured by timing the passage of a marker
between the two skylights of known separation distance, as
detailed in Tilling and Peterson (1993). The assumptions
here are that the tube takes the straight-line course between
the two skylights, that the travel of the marker is not
impeded by cascades, pools or eddies (Tilling and Peterson
1993; Tilling et al. 1987), and the marker is not detained by
drag on the roof or sides of the flow. As a result, this will be
a minimum velocity, especially at a meandering tube (Tilling
et al. 1987). If no skylights are present, then no velocity (and
hence effusion rate) estimate is possible.

Drained tubes allow tube dimensions to be measured
after an eruption, allowing for constraint of the tube
dimension and shape. As with channel-contained flow,
when calculating the flow cross-sectional area, the assump-

tion that the tube flowed full may yield an over-estimate.
Tubes may not necessarily flow full (Kauahikaua et al.
1998) and tube dimensions may be increased by thermal
and mechanical erosion (e.g. Kauahikaua et al. 1998; Kerr
2001). In these cases, the tube cross-section will become
much larger than that of the lava flowing in it. Non-tube-
filling-flow levels can, however, be determined from stand-
lines along the tube wall, as well as from the level of any
un-drained surface within the tube (e.g. Fig. 8).

As with channels, flow velocity can be calculated using
Eqs. 1a and 1b, but it is essential to use the correct level. In
the Fig. 8a case, for example, assuming that the tube flowed
full gives a flow depth of ∼2 m. Using this with a viscosity of
100 Pa s and slope 3°, we obtain a mean velocity of 7 m/s.
This, given a flow width of 2 m, converts to an effusion rate
of 28 m3/s. However, if we use the flow depth for the two

Fig. 8 Lava tubes in the Mauna Ulu 1969–1974 flow field. a Shows a
∼2 m wide tube section approaching a skylight. On the tube floor an
un-drained channel is apparent (lower arrow), as well as lateral
benches (upper arrow). These respectively mark low and moderate
lava levels. The distance from the channel surface to the tube roof is
∼1.5 m. b Shows a thin (∼10 cm thick) lava coating veneering a lava
tube wall caused by a high flow level, where the level is revealed by
the change in surface texture at the level of the pen-knife

Fig. 7 Inactive channel within the Mauna Ulu 1969–1974 flow field
(Kilauea) showing overflow Pahoehoe levées emplaced during pulses
(marked “o”), and high stand levels (marked by arrows) on the inner
channel walls, as well as un-drained ′a′a on the channel floor (marked
aa). While the channel-floor ′a′a marks the lowest observable flow
level, the overflow levees mark the highest level. Channel is ∼2 m
wide
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lower levels of 0.5–1.0 m then we obtain mean velocities of
0.4–1.7 m/s, and effusion rates of 0.4–3.5 m3/s. Given that
the bulk mean output rate reported during the eruption was
∼3 m3/s (Swanson et al. 1979; Tilling et al. 1987) these
latter values seem more reasonable, with the low effusion
rate representing a final, late stage flow that remained, un-
drained, in the tube.

Geophysical approaches

Other ways of obtaining effusion rate from field surveys
involve combining one of the methods listed before to
calculate flow surface velocity with a measurement of the
channel or tube “wet area,” i.e. the area of the channel/tube
occupied by flowing lava. This can be obtained from geo-
electrical, ground penetrating radar or VLF (Very Low
Frequency) surveys (e.g. Bozzo et al. 1994; Budetta and
Del Negro 1995; Jackson et al. 1987; Kauahikaua et al.
1996; Miyamoto et al. 2005).

Volume-based measurements

This method of obtaining time-averaged discharge rates
involves measuring the change in volume of a lava flow or
dome over a known period of time. The volume emplaced
over the given time interval is then divided by time to
obtain the time-averaged discharge rate (e.g. Andronico et
al. 2005; Behncke and Neri 2003; Burton et al. 2005; Fink
et al. 1990; Harris and Neri 2002; Mazzarini et al. 2005;
Nakada and Fujii 1993; Nakada et al. 1999; Richter et al.
1970; Rose 1972; Rossi 1997; Rowland et al. 1999; Sparks
et al. 1998; Swanson and Holcomb 1990; Wolfe et al. 1988;
Zebker et al. 1996).

One quick and relatively simple means of gaining
regular volume measurements at known time intervals is
to measure the area of newly emplaced lava, and to
multiply this by a mean thickness estimated from field
measurements (e.g. Andronico et al. 2005; Behncke and Neri
2003; Mazzarini et al. 2005; Pinkerton and Sparks 1976;
Rossi 1997; Zebker et al. 1996). Repeat (daily or weekly)
measurements of any new lava flow areas allow the flow
volumes erupted over these periods to be estimated. A
rapid means of measuring the flow area is by walking or
flying around the flow perimeter carrying a continuously
recording GPS. Dividing the resulting volume by the
emplacement time allows calculation of time averaged
discharge rate, averaged over the time frame of a few
hours to days. This approach provided the discharge
data given in Fig. 2. For this calculation to be suitable,
the emplacement time of the flow must be well known,
many measurements of flow thickness need to be
obtained along the flow margins, and the edge thickness
must be representative of the lava body as a whole.

If significant thickening occurs away from the edges, an
error will result from the assumption that lava thicknesses
measured at the flow edge are typical across the entire flow
field. This may induce large errors for complex flow fields
emplaced over long periods of time, i.e. in cases where
thick piles of lava can develop within the flow field. For
example, if we take the mean edge thickness of 3–10 m for
the 1991–1993 Etna lava flow field and multiply by the
area (7.2 km2) we obtain a volume of 22–72×106 m3. This
is significantly smaller than the actual volume of 231±29×
106 m3 due to substantial thickening by up to 96 m (with a
mean of 32 m) away from the flow field edges (Stevens et
al. 1997).

Where accurate pre-, syn- or post-eruption Digital
Elevation Models (DEMs) are available, measurements of
the flow volume can be obtained from DEM subtraction.
Given the duration of lava flow activity between the two
DEM-derived volumes time-averaged discharge rate can be
obtained by dividing the residual volume by time. Based on
an estimated flow thickness of 3 m and an area of 8.2 km2,
Rowland (1996) estimated a DRE volume of 0.02 km3 for
the 1995 flow field of Fernandina. Rowland et al. (2003),
however, were able to measure pre- and post-eruption
topography for all locations across the flow, resulting in a
revised, more accurate, volume of 0.04 km3. The relative
error between two DEMs can also lead to significant error
in the volume calculation.

Other methods to estimate flow volumes, and hence
time-averaged discharge rates and mean output rates,
include:

1. Generation of DEMs using digitised cartographic map
data (Stevens et al. 1999).

2. Use of volumes erupted into, and thereby contained
within, pit craters of known volume (Jackson et al.
1975; Richter et al. 1970; Rowland and Munro 1993).

3. Repeat GPS-located laser-range finder measurements
onto an active dome or flow, and/or levelling measure-
ments, plus use of maps, photographs, triangulation and
photogrammetry (Nakada and Fujii 1993; Nakada et al.
1999; Rose 1972; Rowland and Munro 1993; Sparks et
al. 1998).

4. Use of satellite optical or thermal data (Stevens et al.
1997; Patrick et al. 2003), laser altimeter (Mazzarini et
al. 2005) and/or interferometric radar data (Rowland
1996; Rowland et al. 1999, 2003; Zebker et al. 1996)
to obtain flow area and thickness, and hence volume
by integrating thickness over the area (e.g. Patrick et
al. 2003).

Methodologies, issues, problems, and errors for these
volume measurement techniques are considered in each of
the cited studies, where some of the general considerations
detailed here apply to all data sets.
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Sulphur flux based measurements

The petrographic method of Devine et al. (1984) estimates
sulfur loss from a magma by comparing the concentration
of sulfur in pre-eruption melt inclusions with that in post-
eruption glasses. Using this value of sulfur loss during
degassing, the volume of magma required to give a
measured sulfur dioxide (SO2) flux can be calculated
(e.g. Allard et al. 1994; Andres et al. 1989, 1991; Greenland
et al. 1988; Kazahaya et al. 1994; Stoiber et al. 1986;
Sutton et al. 2001, 2003). In addition, Kazahaya et al.
(1994) show howmass rates of magma degassingM (in kg/s)
can be obtained from the emission rates of magmatic water
(QH20), as well as SO2 (QSO2), in:

M ¼ 102QH20

�
ΔCH20 ð2aÞ

or

MSO2 ¼ 106MSQSO2

�
MSO2ΔCS ð2bÞ

in which ΔCH20 and ΔCS are the decrease in water and
sulfur content (wt.%) of magma during degassing, and MS

and MSO2 are the molecular weights of sulfur and SO2.
Given the average basaltic andesite sulfur loss (0.0495 wt.%
Sulfur) and measured SO2 emission rates at Lascar (2,300±
1,120 Mg/d) during 1989, Andres et al. (1991) calculated a
degassed magma volume flux of 9.3×105 m3/d.

If all degassed magma is then erupted, these degassed
volume fluxes will equate to effusion rates. Sutton et al.
(2003) detail this technique for assessing daily discharge
rates from SO2 fluxes for the Kupaianaha—Pu’u ’O’o
eruption of Kilauea, where comparisons with VLF-derived
rates were in good agreement. However, this technique will
provide an under-estimate for the discharge rate if previ-
ously degassed magma is erupted (e.g. Burton et al. 2005)
or an over-estimate if not all of the degassed magma is
erupted (e.g. Andres et al. 1991). At Lascar, for example,
the degassed volume of 9.3×105 m3/d calculated by Andres
et al. (1991) compared with a two orders of magnitude
smaller time averaged-discharge rate for the extruded
volume forming the Lascar lava dome of 6.3×103 m3/d.

Use of deformation data

Volumes leaving shallow storage areas to contribute erupted
lava can be estimated from deflation as revealed by, for
example, tilt measurements (e.g. Rowland and Munro
1993; Tilling 1987; Tilling et al. 1987; Tryggvason 1986)
or synthetic aperture radar (e.g. Fukushima et al. 2005; Lu
et al. 2005; Massonnet et al. 1995). Complications resulting
from the dynamic balance between supply to the shallow
system and drainage of that system complicate any

assumption that the volume of deflation equates to the
erupted volume (e.g. Denlinger 1997; Dvorak and Dzurisin
1993; Dzurisin et al. 1984). A significant portion of the
volume leaving the shallow system may, for example, be
intruded as well as extruded (e.g. Bjornsson et al. 1977;
Denlinger 1997; Dvorak and Dzurisin 1993; Dzurisin et al.
1984; Harris et al. 2000; Tryggvason 1986). These and
other complications, e.g. source shape, sub-surface struc-
ture and material property assumptions (e.g. Lu et al. 2005)
mean that erupted volumes do not always equate to
measured volumes of deflation (Fukushima et al. 2005;
Lu et al. 2005; Massonnet et al. 1995).

Seismic approaches

Battaglia et al. (2005) present a method to estimate effusion
rates from seismic amplitudes, using either the tremor
source amplitude or squared amplitude at any point in time.
This was calibrated using data from the 1998 eruption of
Piton de la Fournaise, and tested using data from three other
eruptions. Results showed that the use of amplitude in the
5–10 Hz bands over-estimated the lava volume, possibly
due to the signal being not directly generated by magma
flow but by gas flow. For two of the three eruptions,
however, lava volumes obtained using bands below 5 Hz
were ∼30% lower than field measured volumes, although
field measurements themselves may have been over-
estimated (Battaglia et al. 2005).

Thermal approach

The thermal methodology for obtaining effusion rates is
based on the work of Pieri and Baloga (1986) and Crisp
and Baloga (1990). It was adapted to satellite thermal data
by Harris et al. (1997a,b) and has since been developed
using thermal data obtained for active lava areas from a
variety of satellite based sensors (Table 1) as well as
ground-based thermal imagers (Calvari et al. 2005; Harris
et al. 2006).

The thermal method is based on a simple heat budget
for an active lava flow in which all heat supplied to the
active flow unit (Qin) is lost from the flow surfaces (Qout), so
that Qin =Qout (Crisp and Baloga 1990; Harris et al. 1997a;
Pieri and Baloga 1986). Heat is supplied by advection (Qadv)
and crystallization (Qcryst) during cooling between eruption
temperature and solidus (δT), i.e. Qin =Qadv+Qcryst. While
heat losses from the flow surface are radiation (Qrad) and
convection (Qconv), heat loss by conduction (Qcond) will also
occur through the flow base. Thus Qout ¼ Qrad þ Qconv þ
Qcond (Harris and Rowland 2001; Harris et al. 1998, 2005;
Keszthelyi and Self 1998; Keszthelyi et al. 2000).
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For simplicity, we assume that Qout is dominated by the
surface heat losses. These are defined by:

Qrad¼ A"s T
4

surf�T
4

amb

� �
ð3Þ

Qconv¼ Ahc Tsurf�Tambð Þ ð4Þ

In which A and Tsurf are the area and surface temperature
of the active flow, Tamb is the ambient temperature, and ɛ, σ
and hc are the surface emissivity, the Stefan Boltzmann

constant and the convective heat transfer coefficients. Heat
supplied by advection and crystallization in cooling through
δT can be described by:

Qadv¼ Er r cp dT ð5Þ

Qcryst ¼ Er ρφcL ð6Þ

in which Er, ρ, cp, φ and cL are the discharge rate, lava
density, specific heat capacity, crystallisation in cooling
through δT, and latent heat of crystallisation of lava,

Table 1 Application and development of the thermal approach to extract lava discharge rates, showing the range of eruption types, data and lava
surface temperature assumptions used to calculate active lava area, and hence heat flux (Eqs. 3–4)

Volcano Eruption/years Eruption type / effusive
or extrusive style

Data Assumed Tsurf
range (°C)

Reference

Ascraeus
Mons

Planetary Channelized martian flow Heat loss model Calculated Crisp and
Baloga (1990)

Bezymianny 2000 Lava dome AVHRR, MODIS 100–500 Steffke (2005)
Erebus 1985 & 1989 Lava lake TM Not assumed Harris et al. (1999a)
Erebus 1980 Lava lake AVHRR 578–715 Harris et al. (1999b)
Erta Ale 1986 Lava lake TM Not assumed Harris et al. (1999a)
Etna 1991–1993 Flank eruption (channel &

tube fed ′a′a)
AVHRR 100–500 Harris et al. (1997a)

Etna 1980–1999a Flank & summit eruptions
(channel & tube fed ′a′a)

AVHRR, ATSR, TM 100–500 Harris et al. (2000)

Etna November 1999 Fountain-fed (channel fed ′a′a) AVHRR, ETM+ 100–1000 Harris and
Neri (2002)

Etna 2001b Summit & flank eruption
(channel & tube fed ′a′a)

AVHRR 100–1000 Lautze et al. (2004)

Fernandina 1995 Flank eruption (channel fed ′a′a) ATSR 75–500 Rowland et al.
(2003)

Kilauea 1991 Tube-fed Pahoehoe AVHRR & TM 100–500 Harris et al. (1998)
Kilauea 1991 Lava lake (Pu′u ′O′o) TM Not assumed Harris et al. (1999a)
Krafla 1980–1984c Fissure eruptions (fountain & channel

fed ′a′a)
AVHRR 97–425 Harris et al. (2000)

Mt.
Cleveland

2001 ′A′a lava flow down the flanks
of a stratocone

AVHRR 100–500 Smith (2005)

Nyiragongo 1987 Lava lake TM Not assumed Harris et al. (1999a)
Okmok 1997 ′A′a lava flow (some of it ponded) AVHRR 100–500 Patrick et al. (2003)
Santiaguito 1987–2000 Dome & silicic lava flow extrusion TM & ETM+ Not assumed Harris et al. (2003)
Santiaguito 2000 Silicic lava flow extrusion ETM+ Not assumed Harris and

Neri (2002)
Santiaguito 2000–2002 Silicic lava flow extrusion TM & ETM+ Not assumed Harris et al. (2004)
Stromboli 1985–1986 Flank eruption (channel & tube fed ′a′a) AVHRR 100–500 Harris et al. (2000)
Stromboli 2002–2003 Flank eruption (channel & tube fed ′a′a) AVHRR, MODIS 100–1,000 Calvari et al. (2005)
Stromboli 2002–2003 Flank eruption (channel & tube fed ′a′a) FLIR Not assumed Harris et al. (2006)

Acronyms used are: AVHRR (Advanced Very High Resolution Radiometer), ATSR (Along Track Scanning Radiometer), TM (Thematic Mapper),
ETM+(Enhanced Thematic Mapper Plus) and FLIR (Forward Looking Infrared Radiometer)

aMarch 1981, February 1981, 1983, 1984, March–July 1985, December 1985, 1986–87, September 1989, September–October 1989, 1991–1993,
1996, and 1999 eruptions

b January–July SE Crater eruption and July–August S. Flank eruption
c July 1980, October 1980, January–February 1981 and 1984 eruptions.
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respectively. The two heat supply terms have discharge rate
in common so that Qout =Qin can be written

QradþQconv¼ Erρ cpδTþφcL
� � ð7Þ

Rearranging allows calculation of Er from

Er ¼ðQradþQconvÞ=ρ cpδTþ φcL
� � ð8Þ

Given that this method takes into account the volume
flux necessary to account for cooling over a given time, this
will yield time-averaged discharge rate (Wright et al.
2001a). In all the cases given in Table 1, measured values
for Qrad and Qconv are used with assumed values for ρ, cp,
δT, φ and cL. Assumed values for ρ, cp, and φ differ by
case, for example, post eruption crystallization is different
for Etna and Kilauea, and differing vesicularities will cause
bulk values for ρ and cp to vary (Table 2). Harris et al.
(2000) provide a sensitivity analysis for the effect of varying
each of the assumed values in Eq. 8 on calculated Er.

Satellite-based methodology

Calculation of Qrad and Qconv have generally been obtained
from satellite data (e.g. Oppenheimer 1991; Oppenheimer
et al. 1993; Harris et al. 1997a,b, 1998). In many cases a
value, or range of values, for the surface temperature of the
active flows is assumed in order to extract active flow area.
In most cases, active lava flow areas have been obtained
from Advanced Very High Resolution Radiometer
(AVHRR) or Thematic Mapper (TM) data using an
assumed range of reasonable surface temperatures to obtain
surface area. This involved modeling a pixel containing

lava at an assumed temperature (Tsurf) surrounded by
ambient ground at a known temperature (Tback). Now the
pixel portion occupied by active lava ( p) can be calculated,
using the pixel integrated temperature (Tint) in the following
mixture model (Dozier 1981; Harris et al. 1997a, 1999a;
Matson and Dozier 1981; Oppenheimer et al. 1993;
Rothery et al. 1988):

L l;Tintð Þ¼ pL l;Tsurfð Þþ 1� pð ÞL l;Tbackð Þ ð9Þ
in which L is the Planck function for a blackbody at
wavelength 1λ.

If p (i.e. lava area) is known, Eq. 9 can be solved for Tsurf
(Dehn et al. 2002). Similarly a range of 100–1,000°C has
been assigned for Tsurf to solve for p (Table 1). In this case,
the only variable in Eqs. 3 and 4 becomes A; Tsurf, σ, hc and
Tamb either being constant or assumed (Table 2). As pointed
out by Wright et al. (2001a), in such a case all the
assumptions causes Eq. 8 to reduce to:

Er¼mA = c ð10Þ
which can be further reduced to Er= x A, in which x=m/c,
m and c being the coefficients that define a direct
relationship between time-averaged DRE discharge rate
and active lava flow area. The coefficients m and c are,
respectively, defined by the values assumed for the heat
loss and heat supply models:

m ¼ s T4
surf�T4

surf

� �þhc Tsurf�Tambð Þ ð11Þ

c ¼ ρ cp δTþφcL
� � ð12Þ

Table 2 Values used to calibrate the thermal approach at Kilauea (Harris et al. 1998), Etna (Harris et al. 2000), Krafla (Harris et al. 2000),
Stromboli (Calvari et al. 2005) and Santiaguito (Harris et al. 2002, 2003) with resultant m, c and x values

Parameter Kilauea Etna Krafla Stromboli Santiaguito

Tsurf (°C) 100–500 100–500 100–500 100–500 125–250
Tamb (°C) 35 0 0 0 20
σ (W m−2 K−4) 5.67×10−8 5.67×10−8 5.67×10−8 5.67×10−8 5.67×10−8

Hc (W m−2K−1) 0 ∼10 ∼10 ∼10 35–75
DRE ρ (kg m−3) 2,600±100 2,600 2,600 2,600 2,600
DRE cp (J kg

−1 K−1) 1,225 1,150 1,150 1,150 1,150
Vesicularity (%) 10–40 10–34 10–34 10–22 10–30
Bulk ρ (kg m−3) 1,560–2,340 1,720–2,340 1,720–2,340 2,030–2,340 1,820–2,340
Bulk cp (J kg

−1 K−1) 735–1,100 810–1,035 810–1,035 900–1,035 805–1,035
Cooling range (K) 315–385 200–350 200–350 200–350 200–330
φ (%) 2–45 45 45 45 0–45
CL (J kg−1) 3.5×105 3.5×105 3.5×105 3.5×105 3.5×105

m (×103 W m−2) 0.8–20 1.8–25 1.8–25 1.8–25 10–13
C (×108 J m−3) 8.3–6.9 8.8–7.6 8.8–7.6 8.8–9.6 12–2.9
X (×10−6 m s−1) 0.9–29 2.1–33 2.1–33 2.1–26 8.5–44

Moving across the table from basaltic to silicic flows, the latter typically have lower surface temperatures than the former (Harris et al. 2002).
Note, also for Kilauea assumed post-eruption crystallization rates are the lowest and the range of vesicularities the highest. As a result x increases
to the right across the table, where increasing x means that to cover a given area a higher discharge rate will be required.
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so that

x ¼ m=c

¼ σ Tsurf
4�Tamb

4
� �þhc Tsurf�Tambð Þ� ��

ρ cpδTþ φcL
� �� �

ð13Þ

As long as appropriate values are used in setting x,
reasonable discharge rates should be obtained from Er = x A.
In solving Eq. 13 the most contentious, or difficult to set
values are hc, Tsurf and δT. These have been set on a case-
by-case basis to suit the eruption conditions (lava temper-
ature, crystallinity, vesicularity, etc.) appropriate for each
one. Published values used during application of this
approach using satellite data for lava flows and domes at
Kilauea, Etna, Krafla, Stromboli and Santiaguito are given
in Table 2.

To illustrate the application of this approach, the
combinations of values used by Harris and Neri (2002) to
extract time-averaged discharge rates from AVHRR data for
the October–November 1999 eruption of the Bocca Nuova
(Etna) are given in Table 3. Each of these models was used
to provide a range of time-averaged discharge rates, taking
into account the full range of uncertainty in the assumed
values. Results can be compared with the time-averaged
discharge rates obtained from daily mapping of the flow

area and thickness using hand-held and helicopter flown
GPS. For this case, the range of discharge rates obtained
from the ground-based and satellite-based approaches have
uncertainties of 18 and 50%, respectively. However, the
two data sets show excellent consistency revealing the same
temporal trends, with the ground-based estimates having a
narrower range of uncertainty, but typically falling with the
satellite-based range (Fig. 9). Generally, time-averaged
discharge rates simultaneously measured on the ground
and from satellite-sources show reasonable agreement
(Table 4; Fig. 10), indicating that the assumed values for
each case have provided an appropriate value for Eq. 13.

By combining and re-arranging the equations that
comprise the heat budget for an active lava flow we can
draw a direct link between time-averaged discharge rate and
active lava flow area (Eqs. 9, 10, 11, and 12). Thus, in
agreement with Pieri and Baloga (1986), the satellite-based
technique has assumed a linear relationship between time-
averaged discharge rate and active lava flow area (Wright et
al. 2001a). This has involved defining the linear propor-
tionality relationship that Pieri and Baloga (1986) suggested
could be formulated between discharge rate and flow area
using the typical thermal parameters for an active lava flow.
This relationship is defined by the lava heat loss properties,
which are mostly controlled by surface temperature, and the
heat supply properties. In effect the underlying assumption

Table 3 Values used to calibrate the thermal approach at Etna using AVHRR data obtained during 1999–2002, and following the values and
thermal models given in Harris and Neri (2002)

Parameter Cool model Hot model (1) Hot model (2) Hot model (3)

Tsurf (°C) 100 500 700 1,000
Tamb (°C) 0 0 0 0
σ (W m−2 K−4) 5.67×10−8 5.67×10−8 5.67×10−8 5.67×10−8

Hc (W m−2 K−1) 5 9 10 11
Qcond (W m−2) 545 6,550 6,550 6,550
A (m2) Maximum Moderate Moderate Minimum
DRE ρ (kg m−3) 2,600 2,600 2,600 2,600
DRE cp (J kg

−1 K−1) 1,225 1,225 1,225 1,225
Vesicularity (%) 10 22 22 22
Bulk ρ (kg m−3) 2,340 2,020 2,020 2,020
Bulk cp (J kg

−1 K−1) 1,100 955 955 955
Cooling range (K) 200 350 350 350
φ (%) 45 45 45 45
CL (J kg−1) 3.5×105 3.5×105 3.5×105 3.5×105

M (×103 W m−2) 1.8 31 64 167
C (×108 J m−3) 8.9 10 10 10
X (×10−6 m s−1) 2.1 31 64 167

Active flow area (A) is extracted from the satellite data using the relevant, assumed, Tsurf in Eq. 8. It is then used with the corresponding values
given for each model to estimate effusion rate from Er= x A. Thus, a lower x value is used with the large flow area extracted for the cool model
case (Tsurf = 100°C), than for the hot models (Tsurf = 500–1,000°C). Parameter m, in this case considers conduction through the flow base (Qcond),
so that Eq. 10 is m ¼ σ T4

surf � T4
amb

� �þ hc Tsurf � Tambð Þ þ Qcond: Qcond is calculated following Fouriers Law where heat is conducted over a
thermal boundary layer (the basal crust) of thickness h that separates the hot core at Tcore from the cooler, underlying surface at Tbase. Thus
Qcond ¼ k Tcore � Tbaseð Þ=h½ �, in which k is thermal conductivity of vesicular basalt. Following Harris et al. (2000), Qcond is set, for the cool
model, using k, Tcore, Tbase and h of 3 W m−1 K−1 , 1,100°C, 580°C and 3 m. For the hot model values of 2.5 W m−1 K−1 , 1,100°C, 580°C and
0.1 m are used.
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is that the potential area covered by a lava flow at any given
effusion rate is cooling-limited (Guest et al. 1987). It will
thus fail if the flow is volume or topographically limited
(Patrick et al. 2003). Such problems and sources of error
due to the assumptions involved in obtaining area from the
satellite data are reviewed in Harris and Neri (2002) and
Patrick et al. (2003). Thus, in cases where this approach has
been applied, a linear relationship between discharge rate and
active lava flow area has, in effect, been forced upon the data
(Fig. 11). However, setting the x value appropriate to the
volcano, eruption or topographic conditions, the good fit with
independent ground data indicates that the approach is
generally valid.

FLIR-based methodology

Acquisition of thermal data using hand-held imagers allows
thermal images of high spatial resolution and dynamic
range to be collected. At Stromboli thermal images of the

active flow field with a spatial resolution of ∼2 m were
collected on a near-daily basis during the 2002–2003
effusive eruption to support routine monitoring (Calvari et
al. 2005). Given detailed, unsaturated temperature data for
the active flow surface, heat losses were calculated on a
pixel-by-pixel basis. Discharge rates were then calculated
by summing the heat loss obtained for each lava pixel and
applying Eq. 8. This methodology, including issues
regarding identification of active lava pixels, is detailed in
Harris et al. (2006). In this case, both flow area and
temperature are variable such that effusion rate is now not
just a function of flow area, but also temperature. However,

Table 4 Published comparisons of field-based instantaneous effusion rates and thermally-derived time-averaged discharge rates for cases where
near-simultaneous measurements have been possible

Case Ground-based
method

Thermal
data

Ground-derived
value (m3 s−1)

Thermally-derived
value (m3 s−1)

Source

Kilauea, (23 July 1991) VLFa ETM+ 1.36±0.14 1.76±0.27 Harris et al. (1998)
Kilauea, (11 October 1991) VLFa ETM+ 0.89±0.09 0.78±0.27 Harris et al. (1998)
Etna (20 April 1983) Channel-based AVHRR 14.3±3.0 11.4±1.4 Harris et al. (2000)
Etna (25 April 1983) Channel-based AVHRR 28.1±8.5 24.9±5.1 Harris et al. (2000)
Etna (27 April 1983) Channel-based AVHRR 20.4±6.8 9.3±2.8 Harris et al. (2000)
Etna (23 June 1983) Channel-based AVHRR 2.6±0.5 3.5±1.3 Harris et al. (2000)
Santiaguito (23 January 2000) Channel-based ETM+ 0.48±0.17 0.48±0.09 Harris et al. (2003)
Stromboli (31 May 2003) Channel-based FLIR 0.85±0.75 0.55±0.35 Harris et al. (2006)

a Following the method of Kauahikaua et al. (1996)

Fig. 9 Range of lava discharge rate calculated using the thermal
approach with AVHRR data (grey zone) and ground-based approaches
(black zone) during the 1999 eruption of the Bocca Nouva (Etna).
Range of satellite based estimated is obtained using the range of x
values given in Table 3. The ground-based range is obtained from
measuring flow area emplaced over a known time period, multiplying
by a thickness of 2.5–3.0 m and dividing by emplacement duration

Fig. 10 Comparison of same day satellite-based (thermally-derived)
and ground-derived discharge rates. In each case, the mid-point of
each measurement range is plotted. A slight difference between the
45° line (dashed-line), the line along which all points should fall if
there were perfect agreement, and the actual trend of the best fit (solid-
line) between the two data sets is apparent. This shows that the
satellite-based approach provides a range of discharge rates with mid-
points that are slightly higher than the ground-based range. Etna data
are from Calvari and Harris (unpublished data), Stromboli from Harris
et al. (2006), Kilauea from Harris et al. (1998), and Santiaguito from
Harris et al. (2003, 2004)
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area is still one of the two variables used to calculate
discharge rate. The same applies for ground-based
approaches where time-averaged discharge rate obtained
from mapping the flow area emplaced in a known time,
multiplying by average thickness, and dividing by em-
placement duration. In this case area is still one of the two
variables used to calculate discharge rate. In these cases, a
linear relationship between discharge rate and flow area and
temperature, or between discharge rate and flow area and
thickness, will be forced. Thus, these data also show a
positive linear relationship between discharge rate and
active lava area (Fig. 12). The best fit to this relationship
implies an x value (in Er = x A) in the vicinity of 20–40×
10−6 m/s.

Use for hazard monitoring: a case study from Mount
Etna

The main threat from volcanic activity on Etna is posed by
effusion of lava flows either from the summit craters or
from fissures on the lower flanks (Guest and Murray
1979). During the past 25 years damage to buildings,
infrastructure, and cultivated areas occurred during the
1981, 1983, 1991–1993, 2001, and 2002–2003 eruptions.
The 1981 eruption from vents between 1,800 and 2,250 m
on the north–east flank, sent flows towards Randazzo
(population 11,200) causing $10 million of damage
(McClelland et al. 1989). The eruptions of 1983, 2001
and 2002–2003 caused significant damage to south flank
ski facilities (Andronico et al. 2005; Barberi et al. 1993,
2003; Frazzetta and Romano 1984) and posed a threat to
Nicolosi, a town of population 6,200 on the south flank.
The 1991–1993 eruption posed a significant hazard to
Zafferana Etnea (population 8,100), requiring lava diver-
sion to protect the town (Barberi et al. 1993). The 2002–
2003 eruption destroyed the north flank ski-complex,
damaged that of the south flank (Andronico et al. 2005),
and posed a potential threat to the north flank town of
Linguaglossa (population 5,300). Opening of vents at low
elevations on the flanks of the volcano poses greater
hazard due to the higher concentration of towns and
villages at these elevations, as well as intensive agricul-
ture, particularly below the 1,000 m elevation. Eruptions
from low-elevation vents in 1669 and 1928, respectively,
damaged numerous towns, including portions of the city of
Catania (Crisci et al. 2003), and the town of Mascali
(Chester et al. 1999; Duncan et al. 1996).

Measurement of effusion rate can play a role in
assessing the likely hazard posed by an active flow. Peak
effusion rate has been shown to play a role in determining
maximum flow length (Pinkerton and Wilson 1994;
Walker 1973). On Etna there also appears to be an inverse
relationship between vent elevation and maximum effu-
sion rate (Wadge et al. 1994). It is thus a critical parameter
when considering for maximum lava flow run-out distance
and hazard (Calvari and Pinkerton 1998; Kilburn 1996,
2000, 2004; Rowland et al. 2005). Application of
empirical formulas designed to relate maximum flow
length to effusion rate can provide a good approximation
for potential extension of channel-fed single flow units
(Calvari and Pinkerton 1998; Kilburn 2000; Pinkerton and
Wilson 1994). Such relationships have been extensively
used on Etna for rapid hazard evaluation for civil
protection purposes during on-going eruptive crises. In
such cases, preliminary estimation of the maximum
distance that a flow may reach, given the current
instantaneous effusion rate, is required in a timely fashion.
Use of finite element and thermo-rheological models also

Fig. 12 Discharge rate versus active lava flow area for Stromboli
(2002–2003, white circles) derived by applying the thermal approach
to FLIR data (Harris et al. 2006) and Etna (Bocca Nuova, 1999, black
squares) using daily measurements of flow area and thickness (Harris
and Neri 2002)

Fig. 11 Satellite-derived lava area and discharge rates given by these,
revealing the forced linear relationship between active lava area and
discharge rate. Data are from Harris et al. (2000) (for Etna, 1980–1999
eruptions), Harris et al. (1998) (for Kilauea, 1991), Calvari et al.
(2005) (for Stromboli, 2002–2003), Harris et al. (2003, 2004) (for
Santiaguito, 1986–2003) and Rowland et al. (2003) (for Fernandina’s,
1995). For clarity, only the relationships obtained for the minimum x
value given in Table 2 are plotted

16 Bull Volcanol (2007) 70:1–22



allow likely inundation zones to be assessed (e.g. Costa
and Macedonio 2005; Crisci et al. 2003, 2004; Favalli et
al. 2005; Harris and Rowland 2001; Ishihara et al. 1990;
Wadge et al. 1994).

Complications occur when prolonged lava supply pro-
duces long-lived compound flow fields, often fed by
complex tube systems. In these cases, insulation of lava
flowing in tubes greatly reduces cooling rates and thus
increases the cooling-limited distance that a flow can
extend at a given effusion rate (Keszthelyi 1995; Keszthelyi
and Self 1998). In such cases final flow lengths can be
much longer than expected (Calvari and Pinkerton 1998;
Kauahikaua et al. 1998; Pinkerton and Wilson 1994). It is,
however, very difficult to model and predict lava tube
development because tube formation depends on a number
of stochastic variables, including stability and duration of
lava supply from the source (Calvari and Pinkerton 1998;
Kauahikaua et al. 1998). Unfortunately, the influence of
these parameters on the final size of a flow field cannot be
stated a priori. One way to promptly evaluate the effect of
lava tubes in increasing the maximum extent of a lava flow
is through frequent thermal mapping (e.g. Andronico et al.
2005; Burton et al. 2005), which allows detailed mapping
of tubes and new breakouts (Kauahikaua et al. 2003). In
these cases, new breakouts from the exits of lava tubes can
be recognised as first-order ephemeral vents (Calvari and
Pinkerton 1998) and used as source-vents of new arterial
flows for successive simulations.

Direct field measurements of instantaneous effusion rate
throughout eruptions at Etna are often difficult (Bailey et al.
2006; Behncke and Neri 2003; Calvari et al. 1994, 2003;
Frazzetta and Romano 1984; Harris and Neri 2002;
Pinkerton and Sparks 1976). Field surveys are challenging
during initial phases of an eruption when effusion rate is a
maximum, lava flows are expanding at high speed, and
strong explosions, fountaining and lava spattering are
occurring at the master vent (Pinkerton 1993). Also,
measurements are difficult during more complex events
when the eruptive fissure system is extremely long and lava
output takes place from a number of different vents to feed
multiple flows spread across a large area, such as during
Etna’s 2001 flank eruption (Behncke and Neri 2003;
Calvari and INGV-Catania 2001). In all these cases, the
synoptic view afforded by satellite-based sensors has
proved effective in allowing flow-field-wide time-averaged
discharge rate to be estimated (Harris et al. 1997a, 2000;
Harris and Neri 2002; Lautze et al. 2004). Most of the
satellite-derived discharge rate estimates have involved the
use of 1 km pixel thermal data from AVHRR, available at
least four times a day (as summarized in Table 4). During
the July–August 2001 and 2002–2003 eruptions, AVHRR-
derived discharge rates were calculated on a daily basis and
used to update predictions for the likely maximum flow

length (L). This was achieved through applying of the
empirical formula proposed by Calvari and Pinkerton
(1998) and corrected in Wright et al. (2001b), i.e.
L ¼ 103:11E

0:47

r . The length of 6.4 km calculated for flow
fed at a peak Er of 30 m3/s during the 2001 eruption was in
excellent agreement with its final length of 6.5 km, which
meant that it stopped ∼3 km short of Nicolosi.

Conclusions

A lack of precision in the measured or assumed values
required to obtain reliable ground- and space-based
effusion rate measurements means that estimates are
usually subject to large errors and/or are quoted over a
range of values. However, comparison of effusion rates
measured simultaneously using ground-based techniques
and/or satellite sensors show good cross-technique
agreement (Table 4; Fig. 10). This agreement shows that
reliable estimates can be made if each approach is applied
consistently.

The three most important factors to take into account
when giving an effusion rate measurement, or when using a
measurement taken from the literature, are as follows.

1. The time scale of the measurement, i.e. the time-period
over which a value was averaged. It then needs to be
determined whether the degree of time averaging is
appropriate to the application for which it is to be used.

2. The spatial scale of the measurement. Details as to
whether the measurement considers total supply to the
entire active flow field, or local supply to a single lava
flow within that field, need to be available.

3. The measurement technique, its accompanying assump-
tions and potential errors.

Clarification of definitions used, as well as the temporal
and spatial scales of effusion rate measurements, facilitates
effusion rate measurement using well-tested formulae.
Definition and technique standardization improves the
quality of data for input into higher level applications that
rely on volume flux data to understand and model lava
flows, shallow system dynamics, as well as monitoring
efforts during on-going eruptions.
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